The electrical fusion technique of Zimmermann and Scheurich (1981 Planta 151: 26-32) has been used to fuse mesophyll protoplasts of Avena, Zea, Vigna, Petunia, and Amaranthus. Electrical fusion proves to be a simple, effective, and general fusion technique that can be controlled to form either dikaryons or large multinucleate fusion bodies. In addition, we show that Vigna mesophyll protoplasts that are subjected to the electrical fields used in this technique are viable in culture. The construction of the fusion chambers, necessary electrical equipment, and the fusion protocol are described in sufficient detail for reproduction of the technique.
not require any chemical treatment. (d) The electrical fusion technique affords a greater degree of control over the number of cells fusing and possibly even the types of fusions produced (i.e. heterokaryons as opposed to homokaryons) than does PEG. Despite the outstanding attributes of Zimmermann's technique, it has not been shown that protoplasts are still capable of growth and cell division after being subjected to the strong electrical fields required for fusion. Clearly, this is an extremely important point if the technique is to be applied to somatic cell genetics.
We report here that the protoplast fusion technique of Zimmerman and Scheurich (13) 
MATERIALS AND METHODS
Fusion Chamber. We used the flow-through chamber diagrammed in Figure 1 . It was built of two pieces of glass glued onto a glass microscope slide with epoxy cement. Two metal rods, which served as electrodes, were glued between these pieces of glass so that an even slot 500 ,um wide remained in the center of the chamber. Care was taken to keep this central slot free of glue. The ends of the chamber were fitted with polyethylene tubing to make an inlet and an outlet port. The entire chamber was covered with a cover slip and sealed with epoxy cement. Several different types of metal were tried as electrodes; gold, platinum-iridium, and silver all worked equally well. The crucial factor in making a successful chamber proved to be getting the electrodes as nearly parallel as possible.
Electronics. AC (2) . The isolated protoplasts were resuspended in 0.5 M mannitol.
Isolation of Petunia Protoplasts. The upper surfaces of leaves of Petunia axillaris were removed and the leaves were floated on 2% (w/v) Cellulysin, 1% (w/v) Pectinol AC (Rohm and Haas Co.), 0.5 M mannitol, 3 mm CaCl2, 1 mm KCl, and 3 mm Mes at pH 5.7. Digestion took 4 h at 30'C. The Petunia protoplasts were recovered and purified by the same methods used for oats and corn. In early experiments, the pectinase was omitted from the digestion medium.
Isolation and Culture of Vigna Protoplasts. Mesophyll protoplasts were isolated from Vigna aconitifolia 'Jadia' as described by Shekhawat and Galston (9) . Briefly, primary leaves of 14-d-old plants were surface sterilized for 5 min in 5% (w/v) commercial bleach containing a few drops of Tween-80. After 5 to 6 washings in sterile distilled H20, the lower epidermis was removed and the leaves were floated on desalted 1% (w/v) Driselase (Kyowa Hakko, Co., Ltd., Japan), 9% (w/v) mannitol, salts (KH2PO4, 27.2; KNO3, 101; CaCl2 2H20, 148; MgSO4.7H20, 240; and KI, 0.16 mg/l), and 3 mM Mes, at pH 5.8. This solution was filter sterilized. After a 5-h digestion at 30°C the protoplasts were passed through a 55-,um nylon mesh and centrifuged for 5 min at 100g. The protoplast pellet was resuspended in 9% mannitol and recentrifuged. The final pellet was resuspended in 9% mannitol layered over 2 ml of a 21% (w/v) sucrose solution and centrifuged at lOOg for 5 min. The protoplasts at the interface were resuspended in 9% mannitol.
After fusion, the protoplasts were concentrated by centrifugation and cultured in 25-,ul sitting drops on the bottoms of 60 x 15 mm plastic Petri dishes. The culture dishes were sealed with parafilm and maintained at 26°C under day light fluorescent tubes at a Photon Flux Density of 30 to 50 ,iE/m2-s. The culture medium contained Murashige and Skoog (6) macro-and micronutrients with KM vitamins and organic acids (4); CaCl2.2H20, 900 mg/l; sucrose, 30 g/l; L-glutamine and L-asparagine (2 mm each); arginine, 10 mg/l; mannitol, 45 g/l; glucose, 30 g/l; ribose, 500 mg/l; and xylose, 300 mg/l. Hormones were supplied as 0.5 mg/l each of 2,4-D, naphthaleneacetic acid, BA, Zeatin, and GA3. The pH of the culture medium was adjusted to 5.8 before filter sterilization.
RESULTS
The electrical fusion of protoplasts is a two-step process. First, the protoplasts are subjected to a high-frequency AC field (>100 kHz), which draws the protoplasts towards regions of higher field strength, that is toward the electrodes. This phenomenon, called dielectrophoresis, has been described in detail by Pohl (7). Dielectrophoresis requires a medium of low conductivity. Thus, compared with the medium, the protoplasts are a highly conductive electrical path and the poles of the protoplasts also become local regions of high field strength. Consequently, the protoplasts are attracted to each other as well as to the electrodes and become aligned in 'pearl chains' along the lines of force of the AC field (Fig. 2) . Once cell contact has been established, the second step is to superimpose a DC pulse (duration 2-100 ,us) of sufficient magnitude (about 1 kv/cm) to produce reversible breakdown of the cell membrane (1, 5) . This procedure causes the fusion of neighboring protoplasts within the pearl chains. Cell lysis rather than fusion results if the DC pulse is too long or too large (13) .
Oat-Oat Fusions. Initial experiments were carried out with oat mesoph7ll protoplasts suspended in 0.5 M mannitol (conductivity, 4 x 10 mho/cm). A small number of protoplasts were introduced into the chamber and an AC field of 10 v (peak to peak) at 500 kHz was applied. (Fig. 2) . In all of the experiments discussed in this paper, an AC frequency of 500 kHz was used. At lower frequencies, especially those below 100 kHz, dielectrophoresis still occurs, but many of the protoplasts also spin. This spinning motion breaks membrane contact and prevents fusion.
Pearl chains were found to form in AC fields of 5 to 15 v (50-150 v/cm). The AC field strength and the number of cells allowed into the chamber control the lengths of the pearl chains. Pearl chains two to three cells long predominate when the density of cells and the AC field strength are kept low (Fig. 2) . Fusion, however, is most efficient when the AC field strength is fairly high because of the increased area of contact between the protoplasts. Therefore, in order to develop and fuse short chains of protoplasts, a low-strength AC field was used to form the pearl chains, then the chamber was gently flushed with mannitol to remove any unaligned cells, and the AC field was increased in strength. We found that dielectrophoresis was not prevented by the presence of 0.1 mm CaCl2 in the fusion medium; however, higher concentrations of salt were inhibitory. Inclusion of 0.1 mm CaCl2 seemed to have no effect on the fusion rate, so it was therefore generally omitted from the medium. However, in an effort to keep the cells viable and to reduce lysis, calcium was supplied during protoplast isolation.
Once pearl chains had formed, the oat protoplasts were fused by application of a DC square wave. We found that DC pulses of 10 to 50 ,is duration and 35 v (700 v/cm) were effective. The precise DC voltage required for fusion varies somewhat between experiments and appears to be a function of the number of cells in the chamber. Our general procedure was to give a DC pulse of 25 v, and if no fusion occurred the voltage was increased stepwise by 5 v until fusion was observed. Because applying trains of DC pulses causes cell lysis and electrolysis, we allowed 30 s between successive pulses. When the critical voltage for fusion is reached, the cells elongate immediately following the pulse and flatten at their points of contact (Fig. 3b) . Fusion of the plasma membranes is probably immediate, but actual coalescence of the protoplasts takes 2 to 5 min for oats. After fusion, the AC field strength was reduced because this procedure was found to shorten the time required for the fusion product to round up as a single protoplast (Fig. 3d) . pulses of sufficient voltage to cause fusion could be given safely and maximized the number of protoplasts fused. We have not tried to quantify the percentage of cells fused, but the reports of 50 to 80% fusion rates (13, 14) appear to be justified as long as the pearl chains are quite uniform in length.
If a large number of protoplasts are introduced into the chamber, the pearl chains can become long enough to bridge the gap between the electrodes. Under these conditions, electrical fusion results in the production of giant cells. We have recovered oat fusion products with as many as 25 nuclei.
Following fusion, we disconnected the AC field and collected the protoplasts by flushing the chamber with fresh medium. The unfused protoplasts do not stick to each other in the absence of the AC field. However, some protoplasts do adhere to the electrodes. Most ofthe fusion products can be recovered if the medium is gently forced back and forth in the chamber a few times.
Corn-Oat Fusions. Mesophyll protoplasts prepared from oat and corn leaves were readily fused with each other. So that the two types of protoplasts could be distinguished, the oat protoplasts were stained with neutral red for 5 min (and washed) prior to fusion. Inasmuch as our chamber contains only a single inlet, the two types of protoplasts had to be mixed before they were introduced into the chamber. Under these conditions, we had no control over whether homokaryons or heterokaryons were produced. However, the experiment clearly shows that heterokaryons can be produced by electrical fusion. Figure 4 shows a time sequence of electrically stimulated fusion of a corn and an oat protoplast. The specific frequency and voltages required for dielectrophoresis and fusion were exactly the same for corn and oat protoplasts. Coalescence of the protoplasts took longer in this experiment than in that shown in Figure 2 . This range of fusion times probably reflects some difference between the protoplast preparations used in these experiments.
Fusion of Dicot Protoplasts. We have successfully fused protoplasts from several species of dicots by the electrical technique, including those from Amaranthus, Vigna, and Petunia. All of these were homokaryotic fusions. Dielectrophoresis occurred readily Just before the photograph in 'e' was taken, the AC field was disconnected.
with the dicots with precisely the same settings and approaches that have been described for oat protoplasts. However, the dicot protoplasts were more resistant to electrical fusion than the monocots were. DC pulses of 10 to 20 ps duration, which were very efficient in fusing oat and corn protoplasts, rarely produced any dicot fusions. Moreover, a greater DC voltage was required for fusing the dicot protoplasts than for the monocot protoplasts. The optimal settings of the DC pulse for fusing the dicot protoplasts proved to be 50 ,is and 50 to 60 v (1.0-1.2 kv/cm). Even with these settings the rates of dicot fusion were lower than those seen for the monocots. We found, however, that the fusion of dicot protoplasts was greatly enhanced if a pectinase was included during protoplast isolation. Possibly residual cell wall material or cell surface determinants were blocking fusion.
Vigna protoplasts were subjected to electrical fusion, recovered from the fusion chamber and cultured in microdrops. Cell wall synthesis and cell division were monitored by staining of the protoplasts with Calcofluor White ST (American Cyanamid Corp.). Immediately after recovery from the fusion chamber the protoplasts lacked any fluorescence when stained with Calcofluor White. After 3 d in culture, the protoplasts had reformed cell walls and some dividing cells were observed. After 5 d in culture, about 50%1o of the cultured cells had undergone at least one division. Cell wall biosynthesis and the cell division rates of electrically treated cells were identical to those of control cells, which were cultured directly (9) or were passed through the chamber (without electrical stimulation) and then cultured.
DISCUSSION
Our experiments support the observations of Zimmermann and his co-workers to a large degree. We find that electrically induced cell fusion is a rapid, simple, and controllable process, which works with a wide range ofplant species. Moreover, with monocots we were able to obtain very high rates of fusion.
The success we had with culturing the Vigna protoplasts indicates that viable protoplasts can be recovered following application ofthe electrical fusion technique. Because no selection scheme was applied after fusion we do not know whether any of the dividing Vigna protoplasts were actually fusion products. However, the dividing cells were subjected to all of the electrical fields and manipulations required for production, fusion, and recovery of the protoplasts under sterile conditions. Therefore, it is highly likely that some of the fusion products are also viable.
We encountered two problems with the electrical fusion tech- 
